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ABSTRACT 

/0&7L 

Uniform axial compressive loads were applied to 23 unpressurized 
circular cylinders until failure by buckling occurred. Twenty-one of the 
cylinders were integrally stiffened, with stringer and frame patterns that may 
be described as: 0°-90° waffle, 45° waffle, and stringer-only configurations. 
Experimentally determined buckling loads for general and local instability were 
compared with analytical predictions. Relative structural efficiencies were 
obtained for the various patterns tested and experimental stress distribution data 
were determined for all the test cylinders. 
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LIST OF SYMBOLS 


Figure 1 illustrates many of the symbols used in this report. In con- 
sonance with generally accepted flight- structure terminology the following terms 
are employed: stringers and frames are designated as stiffeners which run in 
the axial and circumferential directions, respectively; skew stiffeners are helix- 
like stiffeners oriented at 45° to the cylinder axis. All symbols used in the re- 
port are shown below except for a few introduced in the Appendix which are de- 
fined there, as used. 

Although the system of units employed in the report are U. S. Customary 
Units, conversion to the International System of Units (SI) may easily be made 
by use of the conversion factors presented in the Appendix, section C. 

Symbol Definition 

A area, in. 2 (cm 2 ) 

a width of skin between adjacent frames, in. (cm) 

b width of skin between adjacent stringers, in. (cm) 

b^ width of flange on tee-shaped stringers, in. (cm) 

b distance between centerlines of adjacent skew stiffeners, 

in. (cm) 

b^ distance between centerlines of adjacent frames, in. (cm) 

b distance between centerlines of adjacent stringers, in. (cm) 

y 

2 

C coefficient in buckling equation P = 2-n CEt 

c coefficient of end fixity 

E Young's Modulus (compression), psi (N/cm 2 ) 

H height of stiffener plus skin, in. (cm) 
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n , n 
sx sy 
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n 
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p 

cr 

R 


R 


R, 


f 


principal moment of inertia per unit length of circumference 
(includes stringers) , in. 3 (cm 3 ) 

principal moment of inertia per unit length in the axial direction 
(includes frames) , in. 3 (cm 3 ) 

total length of patterns in axial direction (distance between 
heavy end- rings for monocoque cylinders), in. (cm) 

load per inch of circumference, kips/ in. (kN/cm) 

number of individually milled repeating skewed patterns on Group 
4 cylinders 

number of partial patterns on Group 4 cylinders, see Figure 2. 

number of individually milled repeating 0° -90° patterns in the axial 
and circumferential directions, respectively 

load at which general instability occurs, kips (kN) 

radius to mid- thickness of skin, in. (cm) 

corner radius at intersection of two stiffeners, in. (cm) 

fillet radius at skin- stiffener juncture, in. (cm) 

thickness of skin, in. (cm) 

thickness of an equivalent monocoque cylinder with same w eight , 
length,and radius as the given integrally stiffened cylinder, in. 

(cm) 

thickness of an equivalent monocoque cylinder with same strength , 
length, and radius as the given integrally stiffened cylinder, in. (cm) 


flange height of tee-shaped stringers, in. (cm) 




LIST OF SYMBOLS (Concluded) 

Definition 

stiffener height, in. (cm) 
width of skew stiffeners, in. (cm) 
width of frames, in. (cm) 

width of stringers, in. (cm) 

Poisson's ratio 

stresses on outside, inside surfaces of shell, ksi (MN/m 2 ) 

direction of principal stress on outside, inside surfaces of shell, 
degrees 

Subscripts 

direction of maximum, minimum principal stresses 
corresponds to buckling load 
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COMPRESSION TESTS ON INTEGRALLY STIFFENED CYLINDERS 

SUMMARY 


Uniform axial compressive loads were applied to 23 unpressurized 
circular cylinders until failure by buckling occurred. Twenty-one of the 
cylinders were integrally stiffened, with stringer and frame patterns that may 
be described as: 0°-90° waffle, 45° waffle, and stringer-only configurations. 
Experimentally determined buckling loads for general and local instability were 
compared with analytical predictions. Relative structural efficiencies were ob- 
tained for the various patterns tested and experimental stress distribution data 
were determined for all the test cylinders. 


SECTION I. INTRODUCTION 


A group of integrally stiffened cylinders were individually subjected to 
uniform axial compressive loads until failure by buckling, occurred. Within the 
limitations' of specimen geometry and loading the purposes of the investigation 
were to: 

(a) Compare experimentally attained buckling loads with the predictions 
of some analytical methods; 

(b) Determine the relative structural efficiencies of the various 
configurations; and 

(c) Obtain experimental stress distribution data. 

The methods used for making the comparisons mentioned in part (a) above 
were meant to serve as a sampling rather than an endorsement of these particular 
methods. 


The cylindrical specimens were originally conceived in terms of four 
groups based upon stiffener orientation: monocoque, 0°-90° waffle, 45° waffle, 
and stringer-only; all specimens were fabricated by longitudinally butt-welding 
adjacent panels into a complete cylinder. Later a particular circumferential 
weld design was introduced into the 0°-90° waffle configuration, making a total 
of five groups. 

The geometric and material property values for the test specimens 
(Young's modulus, yield stress, cylinder diameter, stiffener height, etc. ) were 
chosen so that the instability mode of failure would occur at stresses in the 
elastic range of the material. A further restraint upon the choice of cylinder 
geometry was imposed by the capacity of available loading fixtures . These fac- 
tors resulted in cylinders with nominal dimensions as follows: 52-inch diameter; 
60-inch length; skin thickness'of 0. 0375 inch; stringer heights of 0. 2125 inch; 
stringer widths of 0. 106 inch; and with nominal dimensionless parameters of, 
R/t=680, —■ = 2, and -g- = 0. 15. Because of the fairly low ratio of stringer area 
to skin area (about 0.25) , the cylinders may be considered as moderately stiffen- 
ed cylinders; that is, they fall in a strength transition region between monocoque 
and "heavily" stiffened orthotropic cylinders. 

SECTION II. TEST SPECIMENS AND TEST PROCEDURE 
A. TEST SPECIMENS 


The test specimens consisted of 23 right circular cylinders 
fabricated from 6061-T6 aluminum sheet. Two were monocoque, while the re- 
mainder were integrally stiffened. The cylinders may be divided into five groups 
( see Fig. 1) : 


Group i. 
Group 2. 
Group 3. 

Group 4. 
Group 5. 


Monocoque; 

0°-90° waffle stiffeners (with circumferential and axial welds) 
0°-90° waffle stiffeners (with welds in the axial direction 
only) ; 

Skew or 45° waffle stiffeners; 

Stringer-only stiffeners. 


Figure 2 depicts the nominal dimensions of each cylinder tested; that is, the 
dimensions specified on the fabrication blue-prints. These dimensions are sum- 
marized in Table I. (For purposes of buckling predictions which appear in Table 
IV, the measured dimensions given in Table II were used) . An idea of the geome- 
try range of the integrally stiffened cylinders that were tested can be obtained 
from the following approximate structural ratios: R/t = 680; L/R = 2.0; and 
t/H= 0. 15. The specific ratios for each cylinder are also shown in Table I. 
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All the cylinders were the same in the following respects. Their overall 
length was 60. 25 inches (however the total length of stringers, L, varied from 
specimen to specimen) . The cylinders were fabricated with two heavy rings 
on each end as detailed in Figure 2; one inside and the other outside, attached 
to the skin by Huckbolts. After attachment of these rings to the skin, their bear- 
ing surfaces were milled perpendicular to the cylinder centerline. The grain 
of 6061 -T6 aluminum was oriented in the circumferential direction. All seams 
on each cylinder were hand-welded using the helium arc process. The stiffener 
patterns were all on the outside of the cylinders as shown in Figure 2. A mini- 
mum of 2. 5 inches (10H) of unmilled skin existed in the axial direction between 
the end frames and the patterns. 

Samples cut from each lot of material used in fabricating the cylinders 
were tested in compression to obtain an average value of Poisson's ratio and 
Young's modulus in the with-grain and transverse-grain directions. The average 
values obtained from 105 compression specimens tested and their maximum 
variation from the mean in the transverse-grain direction were: E = 10.48 xlO 6 
psi ± 2. 2 percent variation, v = 0.325 ± 3. 2 percent; in the with-grain direction: 

E = 10.44 x 10 6 psi ± 1.5 percent, v = 0.320 ± 2.2 percent. Since the cylinders 
were all fabricated with the grain running in the circumferential direction, the 
applied principal compressive stress acted in the transverse grain direction. 
Therefore the average material properties chosen for purposes of calculation 
were those of the transverse direction: E = 10.5 x 10 6 psi, v = 0.325. 

Each cylinder consisted of panels welded together as shown in Figure 2. 
The monocoque cylinders, Group 1, were fabricated from sheet in the as rolled 
condition. Groups 2, 3, and 4 were first chemically milled to the desired skin 
thickness, then mechanically milled to obtain the other final geometry such as 
stiffener thicknesses, corner radii (R c ) , and fillet radii (Rf). Mechanical mill- 
ing alone was used on Group 5 to attain the final dimensions. In Groups 2, 3, 4 
and 5 the sheets were milled as panels in the flat condition, then welded together 
and rolled to the cylindrical shape. After the end rings were installed, the final 
operation was to true up the bearing surfaces. A detailed quality control schedule 
was maintained to provide the large number of thickness, diameter, and stiffener- 
width measurements necessary for the test program calculations. 
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B. TEST PROCEDURE 


The test apparatus used to apply the compressive load is shown in 
Figure 3, and was operated as follows: The test specimen was centrally posi- 
tioned on the lower platen. A hydraulic ram raised the lower platen off the stops 
compressing the specimen against the upper platen. This in turn reacted the 
load through a hardened ball and socket against the frame. A double output load- 
cell was interposed between the ram and lower platen to monitor the applied load. 
Because of the flexible cruciform between the ram and lower platen, and the 
universal-joint action of the ball-and-socket, the fabrication quality of the speci- 
men rather than lead screws or sliding constraints as in conventional test ma- 
chines, was influential in obtaining uniform compression. To monitor the stress 
distribution in each cylinder, strain gage rosettes were placed at every 30° as 
shown in Figure 4. These locations were numbered 1 through 12, counting 
counter-clockwise from weld 1. At each location, four strain-gage rosettes were 
used. Two rosettes were attached to the inside and outside surfaces of the skin, 
and two rosettes were attached to the inside and outside surfaces of the right- 
hand adjacent stringer. 

Prior to each test, the specimen was centered in the loading machine 
with location 8 pointing due north so that every cylinder w ; as oriented with re- 
spect to the testing machine in the same way. Then compressive load was 
applied, and readings were taken at each 10 percent increment of the predicted 
overall buckling load until 50 percent of P cr was reached. During this time 
axial stress distributions were plotted to ascertain whether the compressive 
stresses were uniform. Usually they were not, and the load was released to 
zero so that shim stock (to the nearest mil ) could be slipped under the ends of 
the cylinder as required. Then compressive load was again applied to the 
cylinder and the stress distribution checked once more. This process was re- 
peated until the compressive stresses were within ±5 percent of the mean value. 
The mechanics of attaining uniform load on any given cylinder took approximately 
one day. At any load increment, the strain data was acquired, reduced to prin- 
cipal stress values, and printed out on-line in its final digital form within two 
minutes. The format showed percent load, strain gage location, maximum and 
minimum principal stresses, shear stress, and principal direction. 

The emphasis in the test program was upon determining the loads and 
stresses associated with instability. However, radial deflection and end-short- 
ening measurements were also made. 
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SECTION in. RESULTS AND DISCUSSION 


Load was applied to each cylinder until general instability occurred. This 
condition was reached, in some cases, after local instability had occurred. As 
will be seen, for some cylinders. local instability was limited to isolated locations, 
while for others it was rather widespread. In this report, local instability means 
buckling of the skin in the pocket between adjacent stringers and adjacent frames. 
Two types of general instability were observed; one in which relatively small 
diamond-shaped buckle patterns appeared (Groups 1,2, 3, and 4) , and another 
(wide-column mode) in which the buckle wavelength extended over the entire 
length of the cylinder ( Group 5) . 

Figure 5 depicts the buckled cylinders arranged by groups. The photographs 
of Group 5 (stringer-only) and Cylinder IB were taken with those cylinders under 
load, because their general instability buckle patterns vanished upon load release. 
With the reapplication of load on these seven cylinders, only 70 percent as much 
load was necessary to cause general instability as had been applied initially, in- 
dicating the formation of plastic hinges in the shell. The third and succeeding 
applications of load reduced P cr to approximately 60 percent of the initial value. 
However, it appears possible, by careful restraint of the buckle deformations [ 16] 
to obtain repeatability of the initial buckling loads. Figure 5 gives some idea of 
the uniformity of the buckle formation around each cylinder. It also shows that 
Cylinder 3A buckled so close to its end that a premature failure is indicated; that 
is, local end moments were instrumental in causing this failure. As shown in 
Figure 6, this moment is directed toward the center of the cylinder. Because 
the cylinder wall also fails by buckling toward the center, this moment could 
contribute to a premature buckling failure near the end of the cylinder. The 
characteristic length for decaying 95 percent of the local end moment was approxi- 
mately 4 inches for the shells tested. Cylinder 3A was the only specimen exhibiting 
this type of premature buckling failure. Figure 5 illustrates that Groups 1,2,3, 
and 4 failed with a diamond- shaped buckle; Group 5 failed in a wide-column or 
panel mode. Notice the local buckling that is evident in the Group 4 failure photo- 
graphs as horizontal lines in the waffle patterns. The skew stiffeners appeared 
to act as toggle mechanisms, and as the applied loads increased, the skin between 
them was snapped from a uniformly curved surface to almost 'a plane. The load 
corresponding to this snap-through is their local buckling load. 
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The compressive membrane stress distribution in each cylinder is shown 
in the polar plots of Figure 7. The stresses are plotted at 30° intervals around 
the cylinder as detailed in Figure 4, on both the skin and the adjacent stringers, 
when present. Group 4 has 45° waffle stiffener patterns, and the principal stresses 
on the outside of these stringers are also oriented at 45° to the axis of the cylinder. 
Therefore only the skin stresses, whose principal directions are longitudinal, are 
plotted in Figure 7. The stresses shown for each cylinder are the arithmetical 
average of inside and outside values (axial membrane stress). There are two 
plots per cylinder. The plot on the left corresponds to the stress distribution 
at approximately 50 percent of the general instability load; the right-hand plot 
indicates the stress distribution very close to P cr . Primarily, because of the 
occurrence of local instability, there are shifts in the compressive membrane 
stress distribution, from essentially uniform in the 50 percent of P cr range 
(plots on the left) , to non-uniform in the general instability plots (on the right). 

Figure 8 is a compilation of the stress data for each cylinder, from zero 
load to P cr . There are 12 strain gage locations around the circumference at 

/ 9 .) 

midlength of the cylinder for which the stresses have been plotted. Each page 
of Figure 8 gives the stresses at locations 1 through 12 for a particular cylinder 
for both skin and stringers. The inside and outside circumferential and longitudinal 

stresses ' are shown. In addition, principal directions are shown as a function 
of load for most cases. Zero degrees refers to the axial (x) direction. An ex- 
ception is Group 4, the skew stiffened cylinders. For these, an angle of 0° means 
a direction in-line with the stringer (45° to the cylinder axis) , while an angle of 
45 6 coincides with the axial direction. In this case, the outside surface stresses 
of the skew stringers which are called "longitudinal" on Figure 8, have an actual 
direction which can be interpreted from their accompanying principal direction 
plots. End-shortening deflection measurements as a function of applied load, 
which are not included in the report, reflect the modulus of elasticity for the 
cylinders. In the case of Group 4 (45°) cylinders, the large amount of local 
buckling was indicated by a change in slope of the end shortening curves. 


( 3 -) 

An exception is Group 2, which has a circumferential weld at midlength 
(see Figure 4 for strain gage location details) . 

^ The inside stress on the stringer is taken to be that stress measured on 
the inside skin surface directly beneath the stringer. 
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SECTION IV. ANALYSIS OF DATA 


A. GENERAL INSTABILITY 

The critical buckling loads for the stiffened test cylinders were com- 
puted by the methods shown in Table IV. The Appendix indicates the assumptions 
made in using these methods. The dimensions used in the calculations were mea- 
sured in the regions where general instability buckling occurred, and are listed 
in Table II. Test cylinder buckling loads, wavelengths, and comments are shown 
in Table III. The "comments" indicate that the circumferential weld reduced 
the critical load capability of all of the cylinders in Group 2. In addition P cr for 

cylinder 3A was low due to prematurefailure near the cylinder's upper end. There- 
fore the predicted values for 3A and Group 2 should be higher than the test values. 
Only method [8 ] ^ predicts lower values. This implies that the use of [ 8 ] 
for 0°-90° waffle configurations may lead to structures which are overdesigned. 

Cylinders 3B-1, 3B-2, 3C, and 3D of Group 3 (0°-90° waffle) were tested 
to failure with no unusual phenomena noted. Only [5 ] and [6] predict P cr 

close to these test values, while [1], [3], [12], and [ 13 ] are off by a factor 
of about two. 

P cr for the 45° waffle stiffened cylinders (Group 4) was predicted closely 
by [ 8 ] . Method [ 13] was off by a factor of about 1.5 to 2. The fact that [ 8 ] 
showed good correlation is surprising because local buckling was widespread for 
the Group 4 cylinders (as shown by Figs. 5 and 8) often at values as low as 50 per- 
cent of P . 

cr 

The predictions for cylinders 5A-1 and 2, 5B-1 and 2 of Group 5 (external 
stringer-only) were most accurately made using method [4] . This method, 
however, is known to yield accurate results for internally stringer-stiffened 
cylinders, and nonconservative results for externally stringer-stiffened cylinders, 
see [ 4] and [ 17 ] . From this evidence, it appears that for the moderate amount 
of stiffening of the above test cylinders, location of stringers on either the out- 
side or inside surfaces should have little effect on buckling strength. The test 
values from 5B-1 and 2, while close to each other, appear to be lower than they 
should be. Since their "T is greater than that of 5A-1 and 2, one would have 
expected a higher value for P cr . Method [4] yielded P cr predictions on the low 


Numbers in brackets refer to references located at the rear of the report. 
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side for cylinders 5C-1 and especially 5C-2; these were externally tee-stiffened. 
The eccentricity of these stringers (as measured by the distance from stringer- 
skin centroid to skin median surface) , and the ratio of stringer to skin area was 
greater than the 5A and 5B cylinders. Therefore, the relatively heavier stiffeners 
of the 5C cylinders were sufficient to increase their average buckling strength 
above the wide-column predictions of method [4] , and reflect the effects of 
external stiffener eccentricity on strength. The other methods shown in Table IV 
gave predictions that varied from the test results by large amounts. Since only 
[4] used a mode shape that was representative of Group 5 failures (a buckle 
pattern having an axial half-wavelength equal to the cylinder length) the lack of 
correlation is not altogether unexpected. 

Figure 9 is a plot of the test critical buckling loads, P cr versus "T . Since 
all the cylinders had essentially the same mean radius, this graph represents a 
weight- strength plot of the test results. Fo ^comparison purposes, if a structural 

index or efficiency isdefined as r) = : ~~ x (enclosed fluid volume), then 

as this ratio increases the cylinder design ^becomes more optimum from a tankage 
point of view. Using the monocoque cylinders as a datum, the stringer-only 
cylinders (Group 5) were slightly more efficient approximately 20 percent. 

Groups 3 and 4, however, had an efficiency of some 250 percent above monocoque. 
Cylinder 3A is not plotted in Figure 9 because of its premature end-failure. 

The performance of Group 2 cylinders, which have the same stiffener patterns 
as Group 3, lies below the Group 3 data. This degradation was caused by their 
circumferential welds, which were of a particular design believed amenable to 
flight hardware. 

The skew-stiffened configuration of Group 4 always showed extensive 
local skin buckling well below P cr , which available methods [13] did not predict. 

In the analysis of the Group 4 cylinders for P cr , method [ 8] specified that mono- 
coque cylinder results be used to supply an empirical coefficient. This empirical 
coefficient is supplied by the same author in a later paper, [11]. A comparison 
between the monocoque cylinders and [11] shows good correlation (Fig. 10). 

The Kanemitsu-Nojima equation [18] is also plotted in Figure 10. 

The predictions of method [ 5] , which yielded good accuracy for Group 3 
(0°-90° waffle), are plotted in Figure 11. N cr and t are used as the coordinates, 
with t as the third parameter. It was found through a plot of the strain gage 
data of Figure 8 that there were usually four high values of N C r in sequence around 
the cylinder whose average value corresponded to the measured P cr /A stress, 
while an average of all 12 gage measurements produced somewhat lower values. 
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B. LOCAL BUCKLING 


Local buckling (the instability mode which is characterized by skin 
buckling in the pocket formed by adjacent stringers and adjacent frames) was 
observed on 0°-90° cylinders and skew stiffened cylinders. The local buckling 
stress was determined by averaging the measured outside and inside longitudinal 
compressive stresses, and plotting this membrane stress as a function of applied 

dcr 

load. The load corresponding to — — = 0 was taken as the local buckling load. 

Once attained, this slope remained 1 zero until general instability failure. Figure 8 
graphically illustrates the on-set of local buckling. 

1. Zero-Ninety Cylinders 

Of the cylinders tested no local buckling was observed in the Group 1 
and Group 5 cylinders. The 0°-90° waffle cylinders of Groups 2 and 3, however, 
evidenced some local skin buckling as applied load approached the general in- 
stability load. Figure 12 is a plot of local buckling stress versus skin thickness 
for the cylinders that had local buckling: 2B-1, 2B-2, 2C, 3B-1, 3B-2, 3C, and 
3D. The stress was determined by strain gages, and the skin thicknesses were 
measured in the local buckling region. Predictions for local buckling by six 
methods (outlined in the Appendix, Section B) are shown in Figure 12. It was 
found that the best upper and lower bounds were given by Redshaw's method 
(Appendix, Section B, paragraph 3) and modified Redshaw method (Appendix, 
Section B, paragraph 4), respectively, for an aspect ratio a/b of 1 to 3. For 
the aspect of a/b =0.5 (Cylinders 2A and 3A) local buckling was not observed. 

Yet the methods plotted in Figure 12 predict local buckling. Local buckling did 
not occur in the Group 5 cylinders that had an aspect ratio a/b > 20 (infinite in 
effect). Since the methods shown in the Appendix, Section B, paragraphs 1,2, 

3,4, and 5 are independent of aspect ratio, these methods erroneously predict 
local buckling. Although the method shown in paragraph 6 of this section considers 
aspect ratio, it too would have erroneously predicted local buckling. 

2. Skew-Stiffened Cylinders 

All of the skew- stiffened (45° waffle pattern) cylinders gave indi- 
cations of local skin buckling, which may be seen in some of the post-buckling 
photographs of Figure 5, and in the stress plots of Figure 8. Using the method 
[ 13] described in the Appendix, Section B, paragraph 5, the graph of Figure 13 
was constructed. Although the suggested coefficient of 7.0 gave average buckling 
predictions, a figure of 4.4 appears to be better for design purposes. 
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SECTION V. CONCLUSIONS AND RECOMMENDATIONS 


The remarks that follow are valid within the limitations of the specimen 
geometry tested; that is, for moderately stiffened cylinders with a ratio of stringer 
area to skin area on the order of 0.25. Although there is some empirical evidence 
that more heavily stiffened cylinders would yield results closer to orthotropic 
classical predictions (which include the effects of stiffener eccentricity and ade- 
quate boundary conditions) , the strength effects of stringer eccentricity on the 
cylinders tested were small. The cylinders appeared to be affected by the same 
major item that tends to lower monocoque test values from classical values — 
imperfections . 


The weight- strength comparison, using a structural index of 


strength 


weight 

(enclosed volume) , referred to a monocoque datum, showed that 0°-90° and skew 
(45°) stiffened cylinders performed with essentially the same efficiency (about 
250 percent above monocoque) while stringer-only stiffened cylinders were much 
less efficient (about 20 percent monocoque). 


The general instability loads for the test cylinders were predicted most 
accurately by the following referenced methods: 


(a) 

Monocoque 

[U] 

[14] 

(b) 

0°-90° waffle — 

[5] 

(c) 

45° waffle 

[8] 

(d) 

Stringer-only — 

f4] 


- Seide, Weingarten, and Morgan; 

- Kanemitsu and Nojima 

- Almroth 

- Seide 

- Peterson and Dow. 


Application of a coefficient of 0.5 to referenced methods [ 1 ] and [ 12 ] , 
and of 0.61 to [3] and [13] would bring them into good agreement for the 0°-90° 
waffle stiffened cylinders. 


Local skin buckling loads for panel aspect ratios a/b of 1 to 3, for 0°-90° 
waffle-stiffened cylinders, were predicted by: 


(a) Upper bound — [18] - Redshaw 

(b) Lower bound [18] - Modified Redshaw by Sechler and Dunn. 

Good average local skin buckling predictions for the 45° waffle configurations were 
obtained by using [13] - Schneider, although a coefficient of K=4.4 yields better 
local buckling estimations for design purposes. 
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The stress distributions for the monocoque, 0°-90° waffle and stringer- 
only cylinders indicated that principal stringer and skin stresses were very nearly 
the same in the axial direction, and essentially zero in the circumferential di- 
rection. The skew stiffened cylinder's skin had P/A membrane stresses in the 
axial direction and essentially zero circumferential stresses; the 45° stringer 
outside principal stresses were at 45° to the cylinder axis, while the inside 
stringer stresses were axially and circumferentially disposed. 

Because heavy stiffening will diminish the effects of initial imperfections 
and contribute to substantial strength increases (if stiffener eccentricity is prop- 
erly located) , it is recommended that a test program be initiated to evaluate 
these effects. The cylinders should be sufficiently large so that normal machining 
tolerance errors will not affect nominal desired geometries. End or boundary 
conditions should be carefully controlled to distribute load uniformly and to pre- 
clude premature buckling at the ends. 
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NOMINAL CYLINDER GEOMETRY 

TABLE I 



LEGEND: * * DOES NOT APPLY 



TABLE II 


CYLINDER DIMENSIONS IN GENERAL INSTABILITY REGION 


CYLINDER 
NUMBER b 



Circumference 


0.208 


0.213 * 


0.212 


038 * 0.212 


0.219 * 


0.213 


0.213 * 


* 0.215 * 


036 * 0.214 


0.211 


0.216 0 . 108 


0.212 0 . 106 


037 * 0.213 0 . 106 


037 * 0.213 0 . 108 


0.212 0 . 106 


* 0.214 0.108 


038 * 0.212 


0.213 


038 * 0.212 * 


038 * 0.212 * 


039 0 . 102 0 . 109 


03 8 0 . 102 0 . 110 * 



0.040 164.494 


* 0 . 094 164.557 


0.104 0.0640 168.220 

0 . 0570 169.584 


0 . 0568 166.612 


0. 0434 168. 189 


0.0630 164.507 


0 . 0556 164.469 


0 . 0540 164. 563 


0.0498 164.563 


0.106 I 0,106 0.0512 164.626 


0 . 0532 164 . 186 


0 . 0565 164.193 


0.0512 167.403 


0 . 0515 167.491 


0.0441 164.325 


0 . 0485 164.337 


6 0.0473 164.267 


6 0.0463 164.412 


0 . 0513 163.608 


0.0509 163.608 


0 . 0578 163.702 


0.0567 163.702 


(a) Values listed are those which differ from nominal values shown in Table I 


signifies ’’does not apply ’ 1 















TABLE III 


LOAD SUMMARY 



Cylinder 

General 

( a) 

Number of Buckle 

First Load 

Comments 

Group 

Number 

Instability 

Wavelengths 

at which .. . 

x i (b) 

any Local 




Load 











(kips) 

x- Direction 

y-Direction 

Buckling Occurs 





(Half-waves) 

(Full -waves) 

(kips) 


i 

1A 

22.9 

3 

9 


Local buckling ob- 


IB 

143. 5 ’ 

4 

8 

- 

served near weld 
(location 6) at 17 
kips, cylinder 1A. 



2A 

171.5 

3 

8 

- 

The circumferential 


2B-1 

118.3 

4 

9 

80 

weld peculiar to 

2 




these cylinders de- 


' 2B-2 

131.5 

4 

9 

80 

graded their critical 


2C 

77.2 

4 

8 

70 

load capability 


3A 

172. 1 

5 

9 

». 

Premature failure 


3B-1 

150.0 

4 

8 

90 

occurred near top 
of cylinder 3A. 

3 

3B-2 

154.7 

4 

9 

90 



3C 

122.2 

4 

’ 8 

70 



3D 

103. 9 

4 

9 

90 



4A-1 

154.0 

4 

8 

60 



4A-2 

164.8 

4 

9 

70 

Local buckling al- 


4B-1 

110.0 

4 

6 

51 

ways occurred far 

4 


below the general 


4B-2 

104.3 

4 

8 

55 

instability level (in 


4C-1 

97.3 

A 

n 

40 

most cases below 


Tt 

i 

50% of P ) 


4C-2 

93.4 

4 

7 

60 

cr 


5A-1 

44.2 

1 

8 

- 



5A-2 

41.9 

1 

8 

- 

Local buckling was 


5B-1 

43.7 

1 

8 


observed at location 

5 




12 at 21 kips , cyl- 


5B-2 

42.0 

1 

8 

- 

inder 5B-2. 


5C-1 

58.7 

1 

8 

- 



5C-2 

70. 0 

1 

8 

- 



(a) The values indicate the integral number of half or full waves which could fit 
in the x and y directions if the cylinders buckled over their entire surface. 

(b) Figures 12 and 13 give the local buckling data in great detail. 
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TABLE IV 


GENERAL INSTABILITY PREDICTIONS, P (kips) 
FOR INTEGRALLY STIFFENED CYLINDERS 



Cylinder 

Number 

P 

cr 



( a) 

Predicted Values P 

cr 



Group 

lest 

Values 

(i) 

(3) 

(4) 

(5) 

(6) 

(8) 

(12) 

(13) 


2A 

171.5 

369 

300 


192 

224 

106 

350 

271 

2* 

2B-1 

118,3 

326 

264 


159 

166 

93.9 

305 

247 

2B-2 

131.5 

324 

263 

* 

160 

168 

94.2 

302 

244 


2C 

77.2 

214 

176 

- 

90.8 

86 

58.2 

193 

162 


3A* 

172. 1 

340 ’ 

277 


190 

211 

106 

342 * 

268 


3B-1 

150.0 

299 

243' 

- 

156 

158 

91.9 

296 

239 

3 

3B-2 

154.7 

294 

238 

- 

152 

157 

87.7 

292 

234 


3C 

122.2 

244 

199 

- 

118 

106 

73.7 

237 

198 


3D 

103.9 

221 

185 


107 

83.9 

68.3 

215 

185 


4A-1 

154.0 

- 

- 

~ 

- 

- 

141 

- 

245 


4A-2 

164.8 


- 

- 

- 

- 

145 

- 

255 


4B- 1 

110.0 




_ 

_ 

122 

_ 

221 

4 

4B-2 

104.3 

- 

- 

- 

- 

- 

128 

— ft 

223 


4C-i 

97.3 

- 

- 

- 

- 

- 

113 

- 

208 


4C-2 

93.4 

- 

- 

- 

- 

- 

113 

- 

205 


5A-1 

44.2 

325 

63.8 

45. 9 

36.4 

52.2 

18. 0 

- 

64.9 


5A-2 i 

41.9 

321 

60.7 

43.7 

34.7 

50.6 

17.0 

- 

61.7 


5B-1 

43.7 

376 

66.5 

49.4 

40.0 

62.4 

19.1 

- 

64.9 

5 

5B-2 

42.0 

372 

66.3 

49. 1 

39.9 

61.6 

19. 1 

- 

64.8 


5C-1 

58.7 

1,090 

73.3 

56.8 

46.6 

81.8 

- 

- 

- 


5C-2 \ 

70.0 

1,080 

69.9 

54.2 

44.4 

79.3 

- 

- 

- 


(a) References appear in rear of report. Assumptions in using methods are shown 
in Appendix A. 

* See comments of Table IE and Discussion 

- Indicates method was not in a form readily applicable to the cylinder goemetry. 
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APPENDIX 


This section indicated the assumptions and engineering judgments made 
in using the methods listed in Table IV, and Figures 12 and 13. Because of the 
large number of cylinder geometries that were tested, all the methods were pro- 
grammed for the high-speed digital computer. The methods are identified by 
reference number and author. Only method [ 12] attempts to include the effects 
of stiffener eccentricity on buckling strength. 

A. GENERAL INSTABILITY METHODS 


1. Becker and Gerard [ 1 ] . The value of the effective shear 


stiffness of the cylinder wall was assumed equal to t + 


The distributed area of the frame was chosen as t + 


area of the stringer was t + 


tfhf +t y 


Si 


t V 

x h 


x 


tb + t t 
f f y h 


, while the effective 


The values for the torsional moments 


of inertia of the frame and of the stiffener were obtained from [ 2 ] . 

2. Dschou [ 3 1 . The method was employed with no deviations from 

the equations. 

3. Peterson and Dow f 4 ] . The radius was taken to the centroid 
of the stringer-skin combination. The coefficient of end fixity C was taken as 
3. 5. The values of y were obtained from the equation y = 2.18432 - 0.49829 log 

R 


I r \ i 

x 1 4 


,121 , 

4. Almroth f 5 ] . The values used for the orthotropic extensional 
and flexural constants A., and D.. were: 


A ‘l ' Et ' Al2 = ' E t 


v C«C 1J 

x y x 

> A 22 _ 


c 

l 

E t 


. 2(1 + v) 

A ™~ E t 


t 


, where C =- . , 

y . Vs 

t +—T 2 
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t 


and C = — r 

x t, t 


t + “ 


h x 


EJ 

. Also D-d - E I , D 12 = v E , D 22 = E 1^ , D 33 ■* 


The values for P in Table IV are the 90 percent probability values. 


5. Anonymous [ 6 ] . This method, while it is the result of buck- 
ling tests of stiffened cylinders in bending conducted at GALCIT [7 ] , is sometimes 

used to obtain axially compressive buckling predictions. The value of a used 

c r 

K 7T 2 E 

Q 

for the effective skin calculation was a = 7 — 7 - — pr 

cr I 2 (l-i/) 

Since the radius of gyration of the effective skin depended on the general instability 
stress (cr in the reference) ; an iterative procedure was employed to calculate 

a and the effective skin, 
c 

6 . Seide f 8 1 . This method was directed toward the investigation 
of 45° integral waffle- stiffened cylinders under axial compression. By using [ 9] 
and [ 10 ] , the method was extended to 0°-90° waffle stiffened cylinders and string- 
er-only stiffened, cylinders. The resulting values of t*/H determined from this 
method were then substituted in critical buckling coefficient equation C = 0.606 

- 0.546 • ( 1 - e ^ ) of [111. The values of P shown in Table IV 

were obtained from P = 27 rCEt * 2 . Originally Seide had suggested the use of 
the Kanemitsu-Nojima equation [18] , or any bonafide semi-empirical coefficient 
obtained from monocoque results. Later, in [11] Seide, Weingarten and Morgan 
obtained the value for C which was used to obtain P for the Group 4 cylinders. 
Figure 10 shows that good agreement is obtained between the test results of mono- 
coque cylinders 1A and IB, and C from [ 11 ] . Since one of the assumptions in 
[ 8 ] was the absence of local buckling, the predictions by [ 8 ] for the skew stiffened 
test cylinders are surprisingly good. 


with K =5.4. 
c 


7. van der Neut [ 12 ] . The method outlined in the beginning of 
the paper was programmed for the 0°-90° waffle configurations. Each cylinder 
was checked for the minimum instability load using Class I, II, III, IV, and V 
solutions. The entire skin between stringers was chosen as effective. 
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8. Schneider f 13 1 . This method was employed with no deviations. 
No semi-empirical "knock down" factor was applied to the results. Although the 
paper states that its results are applicable to skew stiffened and 0°-90° waffle 
stiffened cylinders, the method was also applied to the stringer-only configurations 
having stiffeners with rectangular cross sections (cylinders 5A-1,2 and 5B-i,2) 
see Table IV. 


B. 


LOCAL INSTABILITY METHODS 


was 


1. Kanemitsu and Nojima [ 14 ] . The local buckling stress 
takenas <r, r = E JM-j) 1,6 + 0.16 <-^ ) 13 J+ , where for 


all edges: simply supported K = 4.0 , clamped K = 6.98 . 

2. Jackson and Hall [191. The local buckling stress was taken 
K 7T 2 E / 1 \ 2 

as ^ IT - ) > where K = 6.5 for lower limit values, and K = 7.3 

for mean values. 


3. Redshaw The local buckling stress was taken as 


Wfr)’ + tO) ( ■ 

a cr \ _ 1 _t_ f °cr \ _ K 7r 2 ( t \ 

E K = \Z5TTv 7 R ' E J f = mi -, 2 )U 


where 

for simply supported edges 


with K = 4.0 


4. Modified Redshaw f 1 8 1 , cr is the same as that for 3, ex- 
.6 ( t \1.3 E 

+ 0 . 

IK/ 
c 


cept that (-f) = 9 (-i r ) 1 ' 6 + O.le^) 1 


cr 


5. Wenzek [181. The local buckling stress was taken as 
1 t K 


t 

— + 


E R 12< 
edges. 


—jy , and K = 4.0 for simply supported 
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a = K E 
cr 


6. Schneider f 131. The local buckling stress’had the form 

ft Y 

h— I . For 0°-90° waffle stiffenening the value of K was taken from 


the reference's curve of K versus Aspect Ratio; for 45° waffle stiffening the value 
K = 7.0 was used. 


C. CONVERSION OF U. S. CUSTOMARY UNITS TO SI UNITS 

The following information is quoted from Card's report [17]. The 
International System of Units (SI) was adopted by the Eleventh General Conference 
on Weights and Measures, Paris, October 1960, in Resolution No. 12. Conversion 
factors required for units used herein are: 

Length: Inches x 0.0254 = Meters (m) 

Area: Square Inches x 0.00064516 = Square meters (m 2 ) 

Force: kips x 448.2216 = Newtons (N) 

Stress: ksi x 6894.757 - Newtons per square meter (N/m 2 ) 

Prefixes to indicate multiples of units are: 

10 3 kilo (k) 

10~ 2 centi (c) 

10 e mega (M) 
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